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The quality of the bonded concrete overlay depends on the bonding at the layer’s interface, 
which is affected by water to cement (w/c) ratio in new concrete, moisture condition of old 
concrete surface. The objective of this study is to quantify the interface shear bond strength 
affected by these variables. 
At the Phase I, twelve old concrete cubes with two different moisture conditions (air dry, 
saturated surface dry (SSD)) at the interface were chosen. Silica fume addition with two w/c 
ratios of 0.45 and 0.6 were used for new overlay concrete. It was found that silica fume 
significantly increased both compressive strength of new concrete and shear bond strength at the 
interface. New concrete with the w/c ratio of 0.45 resulted in higher compressive strength but 
lower shear bond strength It was found to be consistent that SSD resulted in higher bond strength. 
To better understand the bonding mechanism at the interface, overlaid cylinder specimens 
were fabricated with three moisture conditions (air dry, SSD, and wet) in Phase II. Seven 
different Supplementary Cementitious Material (SCM) addition with three w/c ratios (0.35, 0.45, 
and 0.55) were used for overlay concrete. The addition of fly ash developed lower bond strength 
compared to control group. This is considered due to slow strength gain of overlay concrete with 
fly ash at early age. The wet resulted in low bond strength and most of AD resulted in high. 
Similar to Phase I, SSD consistently developed high bond strength. In contrary to Phase I, new 
concrete with low w/c ratio resulted in high bond strength. 
Scanning Electron Microscope (SEM) and Energy-dispersive X-ray Spectroscopy (EDAX) 
were employed to characterize the material. C/S ratio at the surface was quantified from the 
EDAX. It was found that with the addition of G100 slag, C/S ratio decrease with increasing w/c 
xi 
 
ratio for all moisture conditions, i.e. the increase of shear bond strength. Due to the complexity 
of shear bond strength tests, an alternative method was seeked by estimating C/S ratio at the 














CHAPTER 1 INTRODUCTION 
This thesis is focusing on how the various factors affect the shear bond strength between old 
concrete substrate and new overlay. The first chapter of this thesis presents the study background 
and problem statement, defines the objectives of this study, overviews of the scope to satisfy all 
the objectives, and outlines the thesis structure. 
1.1 Background and Problem Statement 
According to the 2009 Report Card of American Society of Civil Engineers (ASCE) [1], the 
grade of America’s infrastructure was averaged to a “D”, due to a limited capacity and poor 
quality of old deteriorated infrastructure. Poor conditions cost $67 billion a year in repairing and 
one thirds of American’s major roads were in poor or mediocre condition. The total investments 
necessary for five years was estimated to 2.2 trillion dollars. It was also reported that 44% of 
Louisiana’s major roads were under poor or mediocre condition. To enhance the quality of 
America’s infrastructure by overlaying with rehabilitation materials, it is essential to understand 
the mechanical properties and behavior at the interface between old construction material and 
new rehabilitation material since the interface is the weakest link. 
Bonded concrete overlay is a viable option to increase structural capacity and improve 
ridability of concrete bridges and pavements. With property mismatch of new overlaid concrete 
to old concrete, however, bonded concrete overlays may lead to early age failure and a shortened 
service life. To better understand the bonding mechanism at the interface between new and old 
concrete surface, it is essential to measure bond strength at the interface and to investigate 
affecting parameters of its properties. 
The interfacial zone (IZ) between old and new concrete usually has different 
aggregate/cement contents, w/c ratio, and temperature evolution during the curing period 
2 
 
compared to the other sides of old construction material and new rehabilitation material. The 
composition of the IZ is affected by w/c ratio of rehabilitation material, surface moisture 
conditions, bonding agents, and other environmental conditions. The IZ is considered to have 
similar characteristics to the interfacial transition zone (ITZ) between aggregate and hydrated 
cement paste. The ITZ between aggregate and cement paste is weakened due to the “wall effect” 
where less calcium-silicate-hydrate (C-S-H) particles are present as shown in Figure 1.1. The 
structure of cement paste in ITZ is quite different from that of the bulk paste further away from 
the physical interface in terms of morphology, composition, and density. The ITZ, typically 20-
40 µm thick, has less C-S-H particles, greater concentration of ettringite, and higher porosity [2]. 
 
 
Figure 1.1 Wall Effect 
The Ca to Si (C/S) ratio is an indication showing the volume ratio of C-S-H and Calcium 
Hydroxide (CH). High C/S ratio implies that the cement paste has high CH and low C-S-H, and 
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vise versa. Due to wall effect, the ITZ and IZ might have higher C/S ratio compared to the bulk 
cement paste remote from the ITZ and IZ. 
The bond strength at the interface is depended on the surface and moisture conditions of 
the existing concrete surface. Felt [3] did experimental tests and site surveys and found that a 
good bond can be achieved without using a grout layer, however, he pointed out that the chances 
of increasing bond strength can be improved by using grout.  It is also not clear how the bond 
strength is affected by the moisture condition of the old pavement just before placing overlay 
concrete.  Gillette [4] found that free water on the surface weakened the bond strength. However, 
Pigeon and Saucier [5] concluded from their tests that moisture condition did not affect bond 
strength. According to Austin et. al [6], saturated surface dry (SSD) condition is most favorable 
for higher bond strength. These different results might be attributed to the differences in 
materials for overlay and substrate, environmental conditions, and testing methods. Several 
efforts had been made to understand interfacial bond between two materials [7 and 8]. While the 
macro-mechanical behaviors of bonded structures are well established, further study of selection 
of bonding materials and design details are needed [9]. 
Many entities currently use supplementary cementitious materials (SCM) in the 
construction of Portland cement concrete (PCC) structures to reduce the construction cost and 
the carbon footprint by utilizing byproducts of other industries. With improved properties of 
PCC containing SCM, it is desirable to use the SCM in bonded concrete overlay. To improve the 
mechanical properties of IZ, it is suggested to add 10%-15% silica fume by the weight of cement 
[10]. The addition of silica fume reduces the large pores and eliminates the growth of CH, which 
is relevant to improve interfacial properties between old and new concretes. Technical 
advantages, such as improved durability, encourage many mix companies to use fly ash with 
4 
 
additional benefit of cheaper price to cement. Slag is comparable in price, while silica fume is 
much more expensive [2]. There were many researches on how the SCM affects workability, 
heat of hydration, setting time, permeability and etc. However, few researches were made on 
how the SCM affects bond strength, and this research was developed to understand the effects of 
different combination of SCMs on the shear bond strength at the interface between new and old 
concrete surfaces. 
1.2 Study Objectives 
The objective of this research is to evaluate the factors affecting the interfacial bond strength of 
concrete pavement layers such as w/c ratio in new concrete, moisture condition of old concrete 
surface, and different combinations of SCMs. This research also aims to get relationship between 
shear bond strength and microstructures of interface by analyzing the composition and 
microstructure properties at the interface. 
More specifically, the study will accomplish the following research objectives: 
1. Evaluate the influences of three different w/c ratios of new concrete on the interfacial 
shear bond strength. 
2. Assess the effects of three different moisture conditions at old concrete surface on the 
interfacial shear bond strength. 
3. Estimate the influence of five different types of SCM on the interfacial shear bond 
strength. 
4. Find the relationship between the compressive strength of new overlay and interfacial 
shear bond strength.  





The shear bond strength of one hundred and ninety five specimens was measured: Three 
moisture conditions (air dry, SSD, and wet) were made on the existing concrete surface. Three 
w/c ratios (0.35, 0.45, and 0.55) were chosen as overlay concrete. Different SCMs were included 
in the overlay mixtures: grade100 slag, grade 120 slag, class C fly ash, class F fly ash, and silica 
fume. To assess the variation of the parameters in the result, duplicate or triplicate samples were 
fabricated and tested. After the measurements of shear bond strength, Scanning Electron 
Microscope (SEM) and Energy-dispersive X-ray Spectroscopy (EDAX) were used to measure 
element content. 
1.4 Organization 
The contents of this thesis are divided into six chapters including this introductory chapter. 
Chapter 2 provides an extensive literature review on the same field and laboratory studies that 
were conducted and studied about shear bond strength. Chapter 3 provides an in-depth step by 
step explanation on the methodology that was utilized to conduct the experiment. Chapter 4 
provides the results and discussions on the interfacial shear bond strength and C/S ratio at the 
interface along with statistical analysis. Chapter 5 shows the conclusions and recommendations 







CHAPTER 2 LITERATURE REVIEW 
Since the start of the study, published research reports and journal manuscripts related to the 
interfacial shear bond strength between old and new concrete have been compiled.  This report 
presents a summary of the literature reviewed to date. 
2.1 Interfacial Bonding 
As the nation’s highways age and deteriorate, some types of treatments are required to maintain a 
minimum acceptable performance condition and extend service life. For pavements subjected to 
moderate and heavy traffic, the most prevalent treatment is to place an overlay on the existing 
pavement [11]. In rigid pavement, the common method is Portland cement concrete (PCC) 
overlays on PCC pavement, in other words, a new concrete pavement layer over an old concrete 
pavement. A number of studies have been conducted to investigate the bonding properties at the 
interface between the existing concrete and new concrete. The distress mechanism of rigid 
pavement can be categorized into two major ways: shear distress and tensile distress. This report 
is focused on shear failure mode. (See Figure 2.1) 
Through field tests, Medina [11] found that temperature had a significant effect on 
cracking and debonding behavior and tensile debonding failure is shown to be a dominant failure 
mode at early ages between old concrete pavement and new overlay. Both temperature and 
moisture gradients through the depth of pavements cause curling and warping. Figure 2.2 shows 
schematic features of temperature curling and shrinkage curling. The gradient of temperature is 
defined as positive if it is high at the top and low at bottom, and negative for reverse case. 
Therefore, upward curling appears when the temperature gradient is negative. At night, the 
temperature of top slab is low while high at bottom of slab, thus upward curling occurs. At 
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daytime, however, downward curling occurs. In shrinkage curling, dry condition at the top slab 
creates upward curling [12]. 
 
Figure 2.1 Possible Mechanism of Pavement Interfacial Distress 
 
 




2.1.1 Interfacial Zone 
The classification of overlay is based on the degree of bonding between the overlay and the 
existing pavement. PCC overlays maybe bonded, partially bonded or unbounded. To carry the 
anticipated traffic, the main task of overlay design is to determine the required thickness using 
the following equations [13 and 14]: 
for perfectly bonded overlay, 
Tr =T-T0                                   (1) 
for partially bonded overlay, 
Tr1.4=T1.4-CT01.4                                   (2) 
for unbonded overlay, 
Tr2 =T2 -CT02                                         (3) 
where 
Tr = thickness of overlay required, 
        T= total thickness of PCC slab required for anticipated traffic and subgrade conditions, 
        T0= thickness of existing slab, and 
C= coefficient representing the pavement condition. 
A bonded overlay is often considered to be most effective because a thin (minimum 
thickness of 1inch) overlay can be used. It has two primary uses: resurfacing lightly damaged 
existing pavements and strengthening pavements to accommodate heavier traffic. After the PCC 
overlay was first attempted in 1910, numerous applications were performed in various ways to 
obtain better bonding [4]. Knutson [15] founded that distress (faulting, pumping and loss of 
support, shattered slabs, transverse cracks, longitudinal cracks and joint deterioration) needed to 
be repaired by proper remedy before overlay placement. 
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IZ in composite structure has different aggregate/cement contents, w/c ratio, temperature, 
and relative humidity during the curing period. Therefore, the mechanical and chemical 
composition of the material at the IZ is quite different compared to the other side of new 
rehabilitation material and old construction material. The composition is affected by w/c ratio of 
rehabilitation material, surface moisture conditions, bonding agents and other environmental 
conditions. The correlation of the affecting parameters with the interfacial zone properties in 
terms of failure mechanisms, elastic or inelastic behavior, and composite behavior should be 
provided to understand composite behavior of rehabilitated structures. 
Lange and Werner [16] studied bond mechanism in masory by considering the bond 
between mortar and mansory units made of concrete and clay brick. Bond mechanism in 
mansory is directly applicable to the study of concrete repair material. Many of the microscopy 
and experimental techniques from mansory study are applicable to the proposed research. Water 
transport from motar to the substrate was shown to reduce air voids and improve bonding. For 
the overlay concrete with low (0.3) w/c ratio, Shin [17] found that overlay concrete developed 
low bond strength at the interface with old concrete, and consequently debonded at the interface. 
These results indicate the importance of moisture conditions, either in new overlay concrete or 
old substrate concrete. 
2.1.2 ITZ 
The microstructure of the hydrated cement paste is highly modified in the vicinity of embedded 
aggregates. The modified volume is called interfacial transition zone (ITZ). Because of “Wall 
Effect” (See Figure 1.1), which means inability of cement particles to pack efficiently around 




The technical literature over the past ten years or more contains hundreds of examples of 
reports ascribing major significance to the properties of transition zone in controlling the 
behavior of ordinary concrete. This concept has been echoed in current textbooks on concrete. 
Mehta et al. [18] devoted a significant portion in his book pointing out that the ITZ weakens 
concrete.  Diamond et al. [19] found that the structure of the ITZ has little physical basis to 
expect such effects on concrete properties. Also, some other engineers have tended to objectively 
suggest that the ITZ is indeed not the major influence on concrete properties. With respect to 
mechanical effects, Van Mier and Vervuurt [20] concluded that the conventional physical model 
to treat the ITZ as separated phase should be replaced. 
2.1.3 Bond Strength between Old Concrete and New Concrete 
Knutson [15] found that the bond strength between the old and new concrete is affected by the 
surface texture and moisture conditions of existing concrete and bonding agents. The surface of 
the old concrete should be cleared of other factors. Milling and shot blasting are usually used to 
clean and roughen the surface of the substrate. Several controversies still exist on the effects of 
bonding agents and moisture condition of substrate. Using the results of seven site survey 
projects, Gillette [21] indicated that a better bond may be obtained by applying the grout and 
brushing it into the base pavement surface with brooms rather than applying it pneumatically.  
     The surveys showed that relatively thin or thick concrete overlays will perform adequately  if 
proper surface preparation and construction procedures are followed. It means that bonding 
agents increase bond strength of both layers. By covering laboratory bond tests, experimental 
field projects, and survey of projects in use, Felt [3] found that the two main factors governing 
bond were: (1) the strength and integrity of the old base concrete, and (2) the cleanness of old 
surface, a good bond may be achieved without using a grout layer. However, he pointed out that 
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the chance of increasing bond strength can be improved by using grout and best bond could be 
obtained with dry and grouted base concrete. 
By determined specimen size, maximum aggregate size of repair materials, types of repair 
materials, interface roughness and age at loading as variables, Momayez [10] pointed out that the 
bond strength was improved with surface roughness, silica fume content, and age at testing. 
Larger specimens resulted in lower bond strength. Bi-surface test was found to be a reliable test 
for determining bond between existing concrete and repair materials. 
2.1.4 Bond Tests 
The existing test methods to determine the bond strength between new and old concrete can be 
categorized into three groups: (1) tension; (2) shear and compression; (3) direct shear method. 
The tension group can be divided into Pull-off, direct tension, and splitting (See Figure 2.3).  
 
 
Figure 2.3 Bond Test under State of Tension Stress [22] 
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Geissert [22] noticed that performing a good tension test is difficult and time consuming. Even a 
small amount of misalignment may introduce eccentricities that will cause a large scatter. Almost 
all slant shear tests can be categorized to shear and compression (See Figure 2.4). Austin [23] 
indicated that for a tension-weak brittle material like concrete, the compressive strength is far 
greater than the corresponding tensile strength. 
Direct shear test (See Figure 2.5) is the most popular test method utilized in laboratory. 
Under a shear stress state, failure is usually dominated by tensile cracking rather than shear 
slipping, which means that even if a shear stress is imposed, the failure load is an indication of 
the tensile strength, rather than the expected shear strength of the material. 
 
 




Figure 2.5 Direct Shear Test [22] 
Delatte [24] found that shear bond strength is approximately twice the value of tension 
bond strength. With direct shear methods, in most cases, the bond surface is actually subjected to 
a shear stress and a small bending stress. This loading produces two shear planes. One of is 
exactly on the interfacial surface. The other is in the old concrete and usually has a better shear 
strength compared at the interface. A shear failure at the interface is expected [10]. 
2.2 Factors Affecting Interfacial Shear Bond Strength 
This section provides a discussion on various factors affecting interfacial shear bond strength 
between old and new concrete. 
2.2.1 Moisture Condition 
It is not clearly known how the moisture condition affects the bond strength. Gillette [4] founded 
that thin watery grout or free water left standing on the surface of the base pavement tends to 
weaken the bond strength. However, Pigeon and Saucier [5] concluded from their tests that 
moisture condition does not affect bond strength. According to Austin [6], SSD condition is most 
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favorable for higher bond strength. Chorinsky [25] reported that, if an unmodified cement mortar 
is applied to a dry concrete surface, part of the mixing water will be sucked into the concrete 
before any soluble and reactive components in the cement paste are formed. The reaction of 
calcium hydroxide and soluble silicates is restricted to the outer areas of aggregates. On the other 
hand, the surface of substrate concrete is saturated with water before the mortar is applied. The 
capillary pores are closed for penetration of hydration products out of the cement paste. The 
excess water from the capillaries will raise the w/c ratio in the boundary of the fresh mortar and 
lower its mechanical properties. The bond strength is weakened in the surface. Austin [6] 
concluded that, the effect of moisture condition on crystalline bonding of the cement is similar to 
that of unmodified cementitious mortar. Austin’s early work [23] with patch test also suggested 
that an SSD condition gave higher bond strength than saturated surface wet condition. The 
moisture condition of the interior and surface of the substrate will influence the development of 
bond strength. When conducted study on bond between concrete and steel, Fu [26] found that 
water treatment increased bond strength. However, the longer the water immersion time, the 
weaker the bond. These diverse results might be caused by different environmental condition, 
material of substrate and overlay. 
2.2.2 Water to Cement (w/c) Ratio 
The concept of water to cement ratio (w/c) was developed by Duff A. Abrams[27] and was first 
published in 1918. The w/c ratio is the ratio of the weight of water to the weight of cement used 
in a concrete mix. The compressive strength of new concrete with lower w/c ratio (up to 0.42) 
results in higher compressive strength [2]. Of all the diverse factors influencing the strength of 
concrete, the principle one is the amount of mixing water used with respect to the weight of 
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cement. On the basis of experimental data, Belyaev [28] proposed an equation of concrete 
strength 
                                   R30=Rc/(3(w/c)1.5)                                       (4) 
Where R30: is the concrete strength on the 30th day;  
Rc: activity of the cement; 
w/c: water to cement ratio. 
From this equation, greater the w/c ratio, the weaker the cement, and lower the concrete 
strength. The compressive strength of concrete is known to decrease with an increase of w/c ratio 
due to an increase in porosity, but the bond strength increases with an increase of w/c ratio by 
having decreased void content at the interface [28]. 
2.2.3 Supplementary Cementitious Materials (SCM) 
A high reactive pozzolanic material (typically, silica fume or sometimes fly ash or slag) is used 
as a SCM (See Figure 2.6) to replace some of the Portland cement. The pozzonlic reactions have 
an overall increase in solid volume. The porosity of the paste will eventually be reduced, 
resulting in high strength and durability compared with a plain paste of comparable reaction [2]. 
2.2.3.1 Silica Fume 
Silica fume is a by-product in the manufacture of silicon metal and alloys. The material is 
formed by vapor phase oxidation in the stack gases and collected in bag houses. Silica fume 
particles (0.1-0.3µm) are considerably smaller than Portland cement particles (10-15µm), so the 
use of silica fume decreases the pore size distribution of the matrix [2]. Also pozzolanic 
materials reduce the amount of calcium hydroxide in the hydration product, improve strength and 
workability. Silica fume is added to PCC to improve its properties, in particular its compressive 




Figure 2.6 Supplementary Cementitious Materials [29] 
stem from both the mechanical improvements resulting from addition of a very fine powder to 
the cement paste mix as well as from the pozzolanic reactions between the silica fume and free 
calcium hydroxide in the paste. When studied bond between concrete and steel, Fu [26] 
concluded that addition of silica fume showed no decrease of interfacial void content. 
2.2.3.2 Fly Ash 
Fly ash (class C and class F) is the most extensively used SCM material. It is inorganic, 
noncombustible residue of powered coal after burning in the power plants. Their particles (10-
15µm) are with similar size of Portland cement particles (10-15µm). Fly ash is a valuable 
additive that makes concrete stronger, more durable and easier to work with [2]. As lime from 
cement hydration becomes available (cements tend to vary widely in the ire activity), it reacts 
with fly ash. Typically, concrete made with fly ash will be slightly lower in strength than straight 
cement concrete up to 28 days. But the strength will increase after that within a year’s time. 
Class C fly ash 
metakaolin 
silica fume 





Figure 2.7 shows the strength gain with time. Also, fly ash is economic. Its price is less than one-
half the price of cement. 
 
Figure 2.7 Fly Ash Concrete Strength Gain with Time [29] 
2.2.3.4 Slag   
Slag is residues from metallurgical process, either from production of metals or refinement of 
impure metals. The products of slag hydration form a mixture of C-S-H. The composition of C-
S-H is different from that pure cement having lower C/S ratio. In slag-cement blends, the slag 
also shows pozzolanic behavior, since a mixture of low-lime C-S-H and CH will not be stable, 
and the C/S ratio of the C-S-H will slowly increase to a value of 1.7 [2].  
2.3 Microstructure Analysis 
2.3.1 Scanning Electron Microscope (SEM) Analysis 
The SEM is a type of electron microscope that images the sample surface by scanning it with a 
high-energy beam of electrons in a raster scan pattern [31]. The SEM produces and scans a 
finely-focused beam of electrons across the specimen and measures signals from the electron 
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beam/specimen interaction. Common signals employed in SEM analysis include secondary 
electrons (SE) for imaging surface topography; backscattered electrons (BE) for highlighting 
compositional differences; and X-rays for determining elemental composition and imaging 
element spatial distribution.  
Image contrast is generated by different phases' compositions relative to their weighted 
average atomic number (Z). Higher Z phases appear brighter. Images from an SEM are 
monochrome since they reflect the electron or X-ray flux resulting from the beam/specimen 
interaction. Backscattered electron and X-ray imaging are the most useful imaging modes for 
quantitative scanning electron microscope. 
The signals result from interactions of the electron beam with atoms at or near the surface 
of the sample. The SEM can produce very high-resolution images of a sample surface, revealing 
details about less than 1 to 5 nm in size. Also, images can provide information about the 
distribution of different elements in the sample. 
X-radiation is produced when a specimen is bombarded by high energy electrons. The X-
ray energy level is displayed as the number of counts at each energy level, appearing as a set of 
peaks on a continuous background. The positions of the peaks are characteristic of a particular 
element, so identification is made by peak positions and relative intensities. The X-ray signal can 
be used in spectrum analysis to determine which elements are present and in what concentration. 
It is clear that the properties of the hydrated cement paste are influenced by hydration products. 
Without knowing how the hydration products fit together to form the cementing matrix, the 
behavior of hardened cement paste cannot be properly understood. Thus, the description of 




2.3.2 Calcium Silicate Hydrate (C-S-H) 
C-S-H is not a well-defined compound with a formula C3S2H8, which is only an approximate 
description, as the stoichiometry is quite variable. The C/S ratio is generally higher than 1.5, 
varying between 1.5 and 2.0. It depends on many factors: the age of the paste, the temperature of 
hydration, the w/c ratio, and the amount and kind of impurity oxides that can be incorporated 
into the product. C-S-H is amorphous and develops as a mass of extremely small irregular 
particles of indefinite morphology [2]. 
Because of its indefinite morphology, C-S-H is a difficult material to study. There is no 
consensus the correct style of its structure. C-S-H is considered to be a clay structure, by which it 
means that it is based on a layered structure. The layers are calcium and silicate sheets, between 
them are the intrinsic porosity of C-S-H. The porosities are composed of interlayer pores, micro 
pores and capillary pores. Water plays an important role in the structure and behavior of C-S-H 
because of its strong interaction with surfaces. Figure 2.8 shows SEM image of C-S-H. 
 
Figure 2.8 SEM Image of C-S-H [32] 
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2.3.3 Calcium Hydroxide (CH) 
In contrast to C-S-H, CH is well-crystallized material with a definite stoichometry. Under a 
microscope, it appears like a distinctive hexagonal tabular morphology. CH does not form 
homogeneous crystals in a cement paste. CH crystals occupy about 20 to 25% of the paste’s solid 
volume. During hydration, CH will only grow where free space is available [2]. If it is impended 
by another CH crystal, it may stop growing or grow in another direction. Usually, CH crystal 
will completely engulf cement particle. However, morphology may be affected by admixtures 
and temperature. Figure 2.9 shows SEM image of CH. 
 




2.3.4 Ca/Si (C/S) Ratio 
The values of the C/S ratio of the inner product C-S-H in Portland cement have been widely 
reported from several techniques, with values ranging from approximately 1.6 to 2.0: 
transmission electron microscopy (TEM), 1.65 to 1.9; SEM, 1.65 and 1.89 to 2.0; and calculated 
1.74 for several w/c ratio from 0.4 to 0.7 and curing temperatures in the range of 20 to 25 
degrees. It can be noted that these values vary somewhat with the experimental technique used in 
















CHAPTER 3 METHODOLOGY 
This part explains how the experiment was performed to achieve the research objects. Details on 
specimen preparation, specimen cutting, shear test, and SEM analysis. The following steps are 
carried out to address the objectives of this study. 
3.1 Study Parameters 
Phase I experiment was operated as a preliminary study. SSD and air dry (AD) were chosen as 
moisture conditions of the old concrete surface. 0.45 and 0.6 were chosen as w/c ratio in new 
concrete. 7% silica fume was chosen as a typical SCM (See Table 3.1). Figure 3.1 shows cast 
surface of old concrete cube. 
 
Figure 3.1Cast Surface of Old Concrete Cube 
 
Table 3.1 Phase I Experiment Matrix 
Specimen Set Moisture condition at the old concrete surface 
w/c ratio of 




AD-0.6 AD 0.6 none 3,698 
SSD-0.45 SSD 
AD-0.45 AD 0.45 none 5,239 
SSD-0.45-SF SSD 
AD-0.45-SF AD 0.45 silica fume 7,492 
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Based on the Phase I study, Phase II experiment was developed. Three experimental 
parameters were used to understand the interfacial properties of overlaid concretes, including 
moisture condition of old surface, w/c ratio, and SCM in new concrete as shown in Table 3.2. 
SSD, wet, and AD conditions were made on the old concrete surface to study how the bond 
strength is affected by the moisture condition of the old concrete. 
Table 3.2 Phase II Experiment Matrix 
Group No./w/c ratio Mixture ID SCM 
1/0.45 8/0.35 15/0.55 100TI None 
2/0.45 9/0.35 16/0.55 80TI-20C Class C fly ash 
3/0.45 10/0.35 17/0.55 80TI-20F Class F fly ash 
4/0.45 11/0.35 18/0.55 50TI-50G100S Grade 100 slag 
5/0.45 12/0.35 19/0.55 50TI-50G120S Grade 120 slag 
6/0.45 13/0.35 20/0.55 30TI-30G120S40C Grade 120 slag, Class C fly ash 
7/0.45 14/0.35 21/0.55 100TI-5SF 5% silica fume 
Note 1: In each group, SSD, wet, and AD conditions were made on the old concrete surface 
Note 2: Mixture ID explanation: 
100TI: 100 percent Type I Portland cement. 
80TI-20C: 80 percent Type I Portland cement and 20 percent class C fly ash. 
80TI-20F: 80 percent Type I Portland cement and 20 percent class F fly ash. 
50TI-50G100S: 50 percent Type I Portland cement and 50 percent Grade 100 slag. 
50TI-50G120S: 50 percent Type I Portland cement and 50 percent Grade 120 slag. 
30TI-30G120S40C: 30 percent Type I Portland cement plus30 percent Grade 120 slag and 40 
percent class C fly ash. 
100TI-5SF: 100 percent Type I Portland cement plus 5 percent silica fume. 
 
Three different w/c ratios (0.35, 0.45, and 0.55) were chosen for the experiments. SCM 
was also added to study its effect on interfacial property. 
3.2 Preparation of Old Specimens 
In Phase II, ninety eight old concrete cylinders (4x8 inches) were casted together at the 
beginning of the study. After 28 days curing, 4x8 inches cylinders were cut into two 4x4 inches 
cylinders, and the cut surface of old concretes were used as the interfaces to place new concretes. 
As shown in Figure 3.2 and Figure 3.3, the cut surface exposes aggregate compared to cast 
surface. For each test matrix, two or three replicas were made to find any outlier in making and 
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testing specimens. In Phase I, available old concrete cube (6”) with cast surface was used as the 
interface. Different surfaces in Phase I and II may cause difference in shear bond strength as 
discussed in later chapter. 
 
Figure 3.2 Cut Surface of Old Concrete Cylinder 
 
 
Figure 3.3 Cast Surface of Old Concrete Cylinder 
 
The cut surfaces of old cylinders were swiped using sand paper to achieve the same 





laboratory and keeping the relative humidity of 50% for several weeks. The SSD condition was 
made by immersing the old concrete cylinders in water for one day, removing the specimen from 
the water, and wiping out the moisture at the surface before placing new concrete. Wet condition 
was made by putting the old concrete cylinders in water for three days, removing the specimen 
from the water immediately before casting new concrete without wiping surface water.  
3.3 Preparation of Overlaid Cylinder Specimens 
3.3.1 Settlement  
4x8 inches plastic forms were used to cast nine specimens at the same time. Before placing new 
concretes, 4x4 inches old cylinders with different surface moisture conditions were placed at 
bottom of 4x8 inches plastic moulds (Figure 3.4). 
 
Figure 3.4 Old Cylinders in Forms 
3.3.2 Material Specification 
A typical concrete mixture used in Louisiana Department of Transportation and Development 
(DOTD) was applied for new concrete (See Table 3.3). 
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Table 3.3 Mixture Design (Phase II) 


















(lb/ft3) Types of SCM 
1 0.45 17.9 7.9 69.6 45.9 2.1 21.9 - None 
2 0.45 13.3 7.5 64.5 42.4 2.5 24.7 3.3 Class C fly ash 
3 0.45 13.3 7.5 64.3 42.2 2.5 19.7 3.3 Class F fly ash 
4 0.45 9.3 8.4 71.7 47.0 2.8 16.4 9.3 Grade 100 slag 
5 0.45 9.3 8.4 71.7 47.0 2.8 16.4 9.3 Grade 120 slag 
6 0.45 5.6 8.2 71.1 46.9 2.9 55.0 5.6 7.4 
Grade 120 slag 
Class C fly ash 
7 0.45 18.5 8.2 72.0 47.5 2.9 16.4 0.9 5% silica fume 
8 0.35 18.6 6.4 74.9 49.5 2.9 55.0 - None 
9 0.35 14.9 6.4 74.6 49.2 2.9 57.1 3.7 Class C fly ash 
10 0.35 14.9 6.4 74.4 49.2 2.9 57.1 3.7 Class F fly ash 
11 0.35 9.3 6.4 74.6 49.2 2.9 32.9 9.3 Grade 100 slag 
12 0.35 9.3 6.4 74.6 49.2 2.9 49.3 9.3 Grade 120 slag 
13 0.35 5.6 6.4 73.6 48.6 2.9 55.0 5.6 7.4 
Grade 120 slag 
Class C fly ash 
14 0.35 18.6 6.4 74.9 49.5 2.9 86.4 0.9 5% silica fume 
15 0.55 18.6 10.1 69.0 45.6 2.9 - - None 
16 0.55 14.8 9.4 68.8 45.9 2.9 - 3.7 Class C fly ash 
17 0.55 14.8 9.4 68.6 45.6 2.9 - 3.7 Class F fly ash 
18 0.55 9.3 9.4 68.8 45.9 2.9 - 9.3 Grade 100 slag 
19 0.55 9.3 9.4 68.8 45.9 2.9 - 9.3 Grade 120 slag 
20 0.55 5.6 10.9 67.9 44.4 2.9 - 5.6 7.4 
Grade 120 slag 
Class C fly ash 
21 0.55 18.5 10.1 68.9 45.6 2.9 - 0.9 5% silica fume 
Note: Mix 1/8/15 100TI, Mix 2/9/16 80TI-20C, Mix 3/10/17 80TI-20F, Mix 4/11/18 50TI-50G100S,  
Mix 5/12/19 50TI-50G120S, Mix 6/13/20 30TI-30G120S40C, Mix 7/14/21 100TI-5SF. 
 
Siliceous sand (TXI, Dennis Mills) and Kentucky limestone (limestone from three rivers 
rock quarry in Kentucky) were used for fine and coarse aggregates. The maximum coarse 
aggregate size was 1 inch. Type I Portland cement was used as cement. For all mixtures, air 
entraining agent (Daravair 1000) was employed. Normal water reducing agent ZYLA 620 was 
used for mixtures with w/c ratio of 0.35 and 0.45. The overlaid concrete specimens were 
moisture cured for 28 days before the shear bond tests.  
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3.3.3 Placing Overlay Concrete 
New concrete mixture was poured into old concrete cylinder forms. The forms were put on the 
vibrating desk for vibration (normally three times) until the mixture was filled with cylinder 
forms (See Figure 3.5). Some of the cylinders were less compacted, which resulted void spaces 
between old and new concrete (See Figure 3.6 and Figure3.7). The shear bond strength of those 
specimens was very low (See Appendix I).  
 
Figure 3.5 OverlaidCylinders 
               









3.4 Compressive Strength of Overlay Concrete 
The compressive strength of the overlay mixtures were measured and provided in Table 3.4. 
Most of cylinders with w/c ratio of 0.45 were measured at 28 days. Others were tested at around 
60 to 80 days after casting due to the lack of specimen. Mixtures with a low w/c ratio (0.35) 
developed higher compressive strength compared to the mixture with high w/c ratio. 5% silica 
fume concrete developed the highest compressive strength of the mixtures. 
The compressive strength of concrete increased with curing age. With the addition of 
different types of SCM in the mixture with w/c = 0.45, the compressive strength of 7, 14, 28, 56, 
and 90 days were measured as shown in Figure 3.8. With the addition of two different slags, the 
compressive strength at 28 days and 90 days was higher than other mixtures. Contrarily, the 
addition of two types of fly ash resulted in low compressive strength at 28 days and at 90 days. 
 
Table 3.4 Mixture and Compressive Strength 








































































Note: The number in bracket means the age of compressive strength.(unit: psi) 
Figure 3.9 shows the compressive strength for different w/c ratios at around 80 days. As 




Figure 3.8 Development of Compressive Strength with the Increase of Curing Age for 
Different Types of SCM (w/c = 0.45) 
 
 
Figure 3.9 Compressive Strength vs. w/c Ratio for Different Types of SCM 
Note: 1.The compressive strength with w/c ratio of 0.55 were measured at around 80 days. 
2. The compressive strength with w/c ratio of 0.45 were measured at around 90 days. 
































































3.5 Shear Bond Test 
Shear bond test was performed on each specimen. A fabricated specimen was placed in direct 
shear bond test frame as shown in Figure 3.10 and Figure3.11 for Phase I and Phase II.  
 
Figure 3.10 Direct Shear Bond Test Using Cube Specimen (Phase I) 
 
Figure 3.11 Direct Shear Bond Test Using Cylinder Specimens (Phase II) 
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3.5.1 Shear Test Device 
A custom fabricated shearing mold called the Louisiana Interlayer Shear Strength Tester (LISST) 
[33] was used for shear test (Figure 3.12). The device was specifically designed under the 
National Cooperative Highway Research Program Project 9-40 at the Louisiana Transportation 
Research Center (LTRC). The device with two collars can accommodate cylinders with diameter 




Figure 3.12 Test Device LISST [33] 
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3.5.2 Shear Test Procedure 
After kept in the moisture room for 28 days, the overlaid specimens were moved out and 




Figure 3.13 Shear Test Procedure 
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The specimen was positioned inside the LISST. The new concrete side was rest on the side 
which would be sheared and the old concrete side was placed on the non-shearing side. The 
interface layer was directly positioned in the middle of the gap between the two collars. The 
specimen was placed in the LISST in order to make a similar situation to the direction of traffic 
load, which would be applied on the overlaid concrete. The specimen was fastened by two 
different locking mechanisms. The top bolts were fastened by hand while the bottom bolts were 
fastened with a torque. Once it was fastened, make sure there was no space between specimen 
and collars to avoid asymmetric load distribution. The shear test was conducted with FORNEY 
LT-8061-FTS (Figure 3.14). 
 
Figure 3.14 FORNEY LT-8061-FTS 
 
The FORNEY is a computer-controlled measuring and controlling system. The entirety 
can be moved into FORNEY MTS machine, a metal plate was placed in the middle of shearing 
side top collar so that a uniform load can be achieved and transferred to the specimen. Force was 
gradually applied until the specimen failed as loading rate increasing from 85 lb/sec to 95 lb/sec 
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(See Figure 3.15). The overlaid concrete specimen cracked at the new/old concrete or deboned at 
the interface (Figure 3.16 and Figure 3.17). In the direct shear methods, in most cases, the bond 
surface is actually subjected to a shear stress and a small bending stress. In case of interface 
failure, shear stress might govern. When the old or new concrete cracked at the edge of the 
interface, bending stress might initiate crack and shear failure was followed.  
 

















Figure 3.15 Loading Rate 
 
 





3.6 Statistical Analysis 
The laboratory experiment data were further analyzed to evaluate the influence of various SCM 
with different w/c ratios and moisture conditions. Test results were grouped with various SCM, 
w/c ratio, and different moisture conditions. Statistical analysis of interfacial shear bond strength 
and interfacial C/S ratio were performed using the Statistical Analysis Software (SAS). Fisher’s 
Least Significant Different (LSD) test, a multiple comparison procedure, was used to separate 
significant means where differences were declared significant at the alpha=0.1 level. That is, if 
they are termed significantly different, 90% of the time these groups are compared there will be a 
different among them. The LSD procedure ranked the mean interfacial shear bond strength and 
the mean interfacial C/S ratio values and placed them in groups designated by “A”, “B”, “C”,” 
“A/B” etc. The letter “A” was assigned to the group with the highest mean interface shear bond 
strength followed by letters in an appropriate order. A double letter, such as “A/B” indicates that 
the mean interfacial shear bond strength or the mean C/S ratio of that particular group is not 
significantly different from either of the groups “A” or “B”. 
3.7 SEM and EDAX Analysis 
A Scanning Electron Microscope (SEM) was employed to identify the interfacial layer by 
analyzing crystal structure of C-S-H and CH at the interfacial layer of new concrete. A 
rectangular parallelepiped (2 inches x 2 inches x 1 inch) was cut from the new concrete 
recovered at the shear bond tests in order to fit in the size of the container in SEM (Figure 3.18). 
The parallelepiped should contain the interface faced the old concrete. Two specimen’s surfaces 
were coated with Edwards S150 sputter coater to get high quality interface images (Figure 3.19). 
Once the images were taken, the cement paste at the interface was further analyzed using EDAX 
attached in the SEM. The EDAX uses an X-ray source to quantify the elements of the selected 
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area. Figure 3.20 shows a result of EDAX microanalysis report of the specimen. The average 
value of ten EDAX measurements were used at different points on the surface for further 
analysis. 
.  
Figure 3.18 S-3600N SEM                 Figure 3.19 SEM Image of the Interface 
Table 3.5 Example of EDAX Element Content 
Element Weight% Area% 
O 37.69 45.64 
Fe 2.19 0.76 
Mg 3.11 2.48 
Al 1.03 0.74 
Si 9.51 6.56 
Pt 0.46 0.05 
Cl 0.44 0.24 
Ca 26.52 12.82 




























CHAPTER 4 RESULTS AND DISCUSSION 
This chapter provides discussions on the results obtained from the shear bond tests and SEM and 
EDAX analysis. This chapter has been divided into seven major different sections. Each section 
examines the shear bond test results, bending effects, influence of w/c ratio of new concrete, 
moisture condition of existing concrete, SCM of new concrete, analysis of ITZ, analysis of IZ 
and the relation between shear bond strength and C/S ratio. 
4.1 Shear Bond Test Results 
Using the shear bond test results of Phase I, the measured interface shear bond strength was 
compared to the compressive strength of new overlay concrete as shown in Figure 4.1. 
 

















































Average shear bond 
strength at interface 
(psi) 
SSD 269.8 A 
(0.45) No 5,239 Air dry 150.8 
SSD 485.1 B 
(0.6) No 3,698 Air dry 263.9 
SSD 767.9 C 
(0.45) Yes 7,492 Air dry 518.8 
 
For the concrete without silica fume, the higher compressive strength (having lower w/c 
ratio of 0.6) resulted in lower shear bond strength at the interface for both SSD and air-dry 
surface conditions. For the concrete with silica fume for 0.45 w/c ratio concrete, the compressive 
strength and shear bond strength were significantly increased. For all the tests, it was consistent 
that SSD surface condition resulted in higher (almost double) bond strength at the interface 
compared to air-dry condition. These test results imply that moisture condition at the interface in 
old concrete is very important to achieve high bond strength. Silica fumes in new concrete also 
contribute to increase shear bond strength at the interface. For Phase II, the shear bond strength 
was calculated from the measured failure force and surface area and provided in Table 4.2. 
From Table 4.3, it is seen that the shear bond strength in Phase I is lower than Phase II. This may 
be caused by the effect of specimen size and cutting surface. The 6’’ cube specimen used in 
Phase I had larger surface area compared to 4’’ cylinder specimen. As Momayez [10] found, the 
larger specimen resulted in low shear bond strength. In Phase I, cast surface was used as the 
overlay surface to put new concrete. The cast surface has mostly cement paste at the interface 
and overlay concrete with high w/c ratio can help increase shear bond strength by filling voids as 
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noted by Lange [16]. In Phase II, the surface of old concrete was cut surface, which exposes 
coarse aggregate at the interface as shown in Figure 3.1.The cut surface exposes coarse  
aggregate at the interface, and it is considered that high w/c cannot help increase shear bond 
strength since free water cannot fill the voids of coarse aggregate. Figure 4.2 shows shear bond 
strength vs. compressive strength of new concrete at Phase II has similar trend with Figure 4.1 
with the addition of SCM except the concrete w/c = 0.6. 
 
Table 4.2 Results of Shear Bond Tests (Phase II) 














AD 1,023.6 778.7 868.3 963.6 1,102.1 791.8 1,071.0 
SSD 1,019.4 795.1 893.3 1,203.3 999.6 901.9 713.4 0.35 
wet 985.3 772.8 732.4 911.1 939.6 843.1 522.4 
AD 998.0 n/a 785.7 n/a 916.1 1,068.4 915.1 
SSD 903.3 n/a 708.5 n/a 675.6 822.7 802.0 0.45 
wet 682.3 507.3 n/a n/a n/a 861.2 723.9 
AD 970.8 849.0 637.8 842.0 751.2 866.6 962.8 
SSD 958.9 823.8 840.4 839.2 800.2 937.8 721.9 0.55 
wet 864.3 949.7 776.0 734.7 954.8 685.7 698.3 
Note: unit: psi 
 
Table 4.3 Comparison of Shear Bond Strength for Phase I and Phase II with w/c = 0.45 
 
Moisture condition 100TI 100TI-5SF Specimen 
I-AD 150.8 518.8 6” cube 
I-SSD 269.8 767.9 6” cube 
II-AD 998.0 915.1 4” diameter cylinder 






Figure 4.2 Shear Bond Strength vs. Compressive Strength of New Concrete at Phase II 
Note: AD: filled, SSD: large void, wet: small void. 
w/c =  0.55: circle, 0.45: triangular, 0.35: rectangular. 
























Compressive strenngth (psi) 
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4.2 Effect of w/c Ratio of New Concrete and Moisture Condition at Old Concrete          
      Surface on the Shear Bond Strength 
 
This section provides discussions on the results obtained from the shear bond tests for different 
types of SCM. 
4.2.1 Control Overlay Mixture (100TI) 
Figure 4.3 shows the interface shear bond strength results for the mixture 100TI (100 percent 
type I cement) at the w/c ratio of 0.35, 0.45, and 0.55 and moisture condition of AD, SSD, and 
wet, respectively. 
 
Figure 4.3 Shear Bond Strength of 100TI  
For all w/c ratios, the shear bond strength decreased with an increase in water content at 
the interface, in the order of AD, SSD, and wet. For all the moisture condition at the interface, 
































that shear bond strength at the interface with cut surface can be high with less moisture within 
the range of this study. 
The test results presented in Figure 4.3 were further analyzed to determine whether the 
mean interfacial shear bond strength of one group is statistically different from others. The 
groups were ranked according to their mean shear bond strength as shown in Table 4.4. The 
analysis result shows that w/c ratios and moisture conditions are statistically significant, except 
w/c = 0.55 with AD and SSD moisture condition. 
Table 4.4 Statistical Analysis of Mean Shear Bond Strength Obtained for 100TI 
w/c Moisture Condition Mean Shear Bond Strength (psi) Ranking 
AD 1,023.6 A 
SSD 1,019.4 A 0.35 
wet 985.3 B 
 AD 998.0 A 
SSD 903.3 A 0.45 
wet 682.3 B 
 AD 970.8 A 
SSD 958.9 A 0.55 





w/c Mean Shear Bond Strength (psi) Ranking 
0.35 1,023.6 A 
0.45 998.0 A AD 
0.55 970.8 A 
 0.35 1,019.4 A 
0.45 906.9 A SSD 
0.55 958.9 A 
 0.35 985.3 A 
0.45 682.3 B Wet 




4.2.2 Overlay Mixture (80TI-20C) 
Figure 4.4 shows the interface shear bond strength results for the mixture 80TI-20C (80 percent 
type I cement, 20 percent Class C fly ash) at the w/c ratio of 0.35, 0.45, and 0.55 with moisture 
conditions of AD, SSD, and wet, respectively. 
 
Figure 4.4 Shear Bond Strength of 80TI-20C 
For the moisture condition of wet at the interface, the overlay with w/c = 0.55 resulted in 
the highest shear bond strength. 
The test results presented in Figure 4.4 were analyzed to determine whether the mean 
interfacial shear bond strength of one group was statistically different from others. The groups 
were ranked according to their mean shear bond strength as shown in Table V.1. The analysis 
result shows that w/c ratios and moisture conditions are statistically significant, except w/c = 


































4.2.3 Overlay Mixture (80TI-20F) 
Figure 4.5 shows the interface shear bond strength results for 80TI-20F (80 percent type I cement, 
20 percent Class F fly ash) at the w/c ratio of 0.35, 0.45, and 0.55 and moisture condition of AD, 
SSD, and wet, respectively. 
 
Figure 4.5 Shear Bond Strength of 80TI-20F 
For all three w/c ratio of 0.35, 0.45, and 0.55, the moisture condition of SSD resulted in 
the highest shear bond strength. For the moisture condition at the interface, the overlay with w/c 
= 0.35 resulted in the highest shear bond strength. 
The test results presented in Figure 4.5 were analyzed to determine whether the mean interfacial 
shear bond strength of the groups were statistically different from one another. The groups were 
ranked according to their mean shear bond strength as shown in Table V.1.The analysis result 
shows that w/c ratios and moisture conditions are not statistically significant, except w/c = 0.55 

































4.2.4 Overlay Mixture (50TI-50G100S) 
Figure 4.6 shows the interface shear bond strength results for 50TI-50G100S (50 percent type I 
cement and 50 percent Grade 100 slag) at the w/c ratio of 0.35, 0.45, and 0.55 and moisture 
condition of AD, SSD, and wet, respectively.  
 
Figure 4.6 Shear Bond Strength of 50TI-50G100S 
For the moisture condition at the interface, the overlay with w/c = 0.35 resulted in the 
highest shear bond strength. 
The test results presented in Figure 4.6 were analyzed to determine whether the mean 
interfacial shear bond strength of the groups were statistically different from one another. The 
groups were ranked according to their mean shear bond strength as shown in Table V.1. The 
































4.2.5 Overlay Mixture (50TI-50G120S) 
Figure 4.7 shows the interface shear bond strength results for 50TI-50G120S (50 percent type I 
cement and 50 percent Grade 120 slag) at the w/c ratio of0.35, 0.45, and 0.55 and moisture 
condition of AD, SSD, and wet, respectively.  
 
Figure 4.7 Shear Bond Strength of 50TI-50G120S 
For the w/c ratio of 0.35 and 0.45, the shear bond strength decreased with an increase in 
water content at the interface. For the w/c ratio of 0.55, the order is opposite. 
The test results presented in Figure 4.7 were analyzed to determine whether the mean 
interfacial shear bond strength of the groups were statistically different from one another. The 
groups were ranked according to their mean shear bond strength as shown in Table V.1. The 
analysis result shows that w/c ratios and moisture conditions are not statistically significant, 

































4.2.6 Overlay Mixture (30TI-30G120S-40C) 
Figure 4.8 shows the interface shear bond strength results for 30TI-30G120S-40C (30 percent 
type I cement, 30 percent Grade 120 slag, and 40 percent Class C fly ash) at the w/c ratio of0.35, 
0.45, and 0.55 and moisture condition of AD, SSD, and wet, respectively.  
 
Figure 4.8 Shear Bond Strength of 30TI-30G120S-40C 
For the moisture condition of AD at the interface, the overlay with w/c = 0.45 resulted in 
the highest shear bond strength. 
The test results presented in Figure 4.8 were analyzed to determine whether the mean 
interfacial shear bond strength of the groups were statistically different from one another. The 
groups were ranked according to their mean shear bond strength as shown in Table V.1.The 
analysis result shows that w/c ratios and moisture conditions are all statistically significant 
































4.2.7 Overlay Mixture (100TI-5SF) 
Figure 4.9 shows the interface shear bond strength results for 100TI-5SF (100 percent type I 
cement and 5 percent addition of silica fume) at the w/c ratio of 0.35, 0.45, and 0.55 and 
moisture condition of AD, SSD, and wet, respectively. 
 
Figure 4.9 Shear Bond Strength of 100TI-5SF 
For the w/c ratio of 0.35 and 0.55, shear bond strength decreased with the increase in 
moisture content at the interface. For the moisture condition of AD at the interface, the overlay 
with w/c = 0.35 resulted in the highest shear bond strength. 
The test results presented in Figure 4.9 were further analyzed to determine whether the 
mean interfacial shear bond strength of the groups were statistically different from one another. 
The groups were ranked according to their mean shear bond strength as shown in Table V.1. 
For the w/c ratio of 0.45 and 0.55, the mean shear bond strength of all groups was ranked 



































the group AD higher than the group wet, the difference was statistically insignificant. For the w/c 
ratio of 0.35, the mean shear bond strength of the group wet SSD ranked as “B”, the group wet 
was ranked as “C”. The difference was statistically significant. 
For all the moisture conditions, the mean shear bond strength of all groups was ranked as an “A”. 
Although the w/c ratio of 0.35 provided higher shear bond strength than the w/c ratio of 0.45 and 
0.55, the difference was statistically insignificant. 
4.2.8 Summary 
For the w/c ratio of 0.35, the shear bond strength decreased with an increase in water content at 
the interface, the order of AD, SSD, and wet except 50TI-50G100S and 30TI-30G120S-40C, 
which obtained the highest shear bond strength at SSD moisture condition. 
For the moisture condition of AD at the interface, the overlay with w/c = 0.35 resulted in 
the highest shear bond strength except 50TI-50G100S and 30TI-30G120S-40C, which obtained 
the highest shear bond strength at w/c = 0.45. 
These observations imply that shear bond strength at the interface with cut surface can be 
high at low w/c ratio with less moisture within the range of this study. The measured shear bond 
strength value in this experiment is higher than literature stated because of bending effect. 
4.3 Influence of SCM of New Concrete on the Shear Bond Strength 
4.3.1 w/c Ratio of 0.35 
Figure V.1 shows the interface shear bond strength results obtained for seven different SCM at 
w/c ratio of 0.35. At the moisture condition of AD, it is noticed that 80TI-20F and 30TI-
30G120S-40C got lower shear bond strength. The highest shear bond strength is achieved by 
50TI-50G120S. At the moisture condition of SSD, it is seen that 100TI-5SF and 80TI-20C got  
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lower shear bond strength. The highest shear strength is achieved by 50TI-50G100S. At the 
moisture condition of wet, it is similar to SSD that 30TI-30G120S-40C got the lowest shear bond 
strength and 50TI-50G100S got the highest shear bond strength. 
The test results presented in Figure V.1 were further analyzed to determine whether the 
mean interfacial shear bond strength of the groups were statistically different from one another as 
shown in Table IV.2. All the groups are ranked as A, and there is no statistically difference. 
4.3.2 w/c Ratio of 0.45 
Figure V.2 shows the interface shear bond strength results obtained for seven different SCM at 
w/c ratio of 0.45. At the moisture condition of AD, it is noticed that 30TI-30G120S-40C got the 
highest shear bond strength. The lowest shear bond strength is achieved by 80TI-20C. At the 
moisture condition of SSD, it is seen that 50TI-50G120S got the lowest shear bond strength. At 
the moisture condition of wet, it is similar that 80TI-20F got the highest shear bond strength and 
50TI-50G120S got the lowest shear bond strength. 
The test results presented in Figure V.2 were further analyzed to determine whether the 
mean interfacial shear bond strength of the groups were statistically different from one another as 
shown in Table IV.3.All the groups are ranked as A, and there is no statistically difference. 
4.3.3 w/c Ratio of 0.55 
Figure V.3 shows the interface shear bond strength results obtained for seven different SCM at 
w/c of 0.55. At the moisture condition of AD, it is seen that the 100TI got the highest shear bond 
strength. The lowest shear bond strength is achieved by 80TI-20C. At the moisture condition of 
SSD, most of SCM achieved high shear bond strength except 100TI-5SF. At the moisture 
condition of wet, 30TI-30G120S-40C and 100TI-5SF got the lowest shear bond strength. 
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The test results presented in Figure V.3 were further analyzed to determine whether the 
mean interfacial shear bond strength of the groups were statistically different from one another as 
shown in Table V.4. All the groups are ranked as A, and there is no statistically difference. 
4.3.4 Summary 
From previous sections, it was confirmed that there is no statistical difference in shear bond 
strength for the SCM used in this study. All the shear bond strength of different SCM were 
averaged for w/c ratios and moisture conditions, and provided in Figure 4.10 with standard 
deviation. It is seen that the wet moisture condition resulted in low shear bond strength with high 
standard deviation. Mostly the AD moisture condition resulted in high shear bond strength with 
high standard deviation. The SSD moisture condition resulted in high shear bond strength with 
low standard deviation. 
 



























4.4 Effect of w/c Ratio of New Concrete and Moisture Condition at Old Concrete 
Surface on C/S Ratio 
 
This section provides discussions on the results obtained from the C/S ratio. Table 4.5 shows the 
C/S ratio results of all specimens. 
Table 4.5 Result of Interfacial C/S Ratio  
 
4.4.1 Overlay Mixture (100TI) 
Figure 4.11 shows the C/S ratio results for 100TI (100 percent type I cement) at the w/c ratio of 
0.35, 0.45, and 0.55 and moisture condition of AD, SSD, and wet, respectively. 
For the w/c ratio of 0.55, the mean C/S ratio increased with an increase in water content at 
the interface, in the order of AD, SSD, and wet. For the moisture condition at the interface, the 
SSD condition resulted in higher C/S ratio. 
The test results presented in Figure 4.11 were analyzed to determine whether the mean C/S 
ratio of the groups were statistically different from one another. The groups were ranked 














AD 2.51 1.40 1.98 1.83 2.66 1.38 2.14 
SSD 3.26 2.15 2.72 2.33 2.38 1.87 3.50 0.35 
wet 1.58 2.48 2.31 2.42 2.20 1.59 3.26 
AD 1.23 2.05 1.72 1.62 2.57 1.32 2.35 
SSD 3.44 2.48 3.55 2.53 3.46 2.05 1.85 0.45 
wet 2.55 1.74 4.28 1.95 3.54 1.20 1.61 
AD 2.19 2.54 1.71 1.68 1.66 1.28 3.32 
SSD 2.35 1.07 1.70 2.11 1.55 2.13 2.14 0.55 










according to their mean C/S ratio as shown in Table 4.6. The analysis result shows that w/c ratios 
and moisture conditions are all statistically significant. 
 
Figure 4.11 Mean C/S Ratio of 100TI 
4.4.2 Overlay Mixture (80TI-20C) 
Figure 4.12 shows the C/S ratio results for 80TI-20C (80 percent type I cement 20 percent Class 
C fly ash) at the w/c ratio of0.35, 0.45, and 0.55 and moisture condition of AD, SSD, and wet, 
respectively.  
 













































Table 4.6 Statistical Analysis of Mean C/S Obtained for 100TI 
w/c Moisture Condition Mean C/S ratio Ranking 
AD 2.51 B 
SSD 3.26 A 
0.35 
wet 1.58 C 
 AD 1.23 C 
SSD 3.44 A 
0.45 
wet 2.55 B 
 AD 3.11 A 
SSD 2.35 AB 
0.55 
wet 2.19 B 
 
 
Moisture Condition w/c Mean C/S ratio Ranking 
0.35 2.51 B 
0.45 1.23 C 
AD 
0.55 3.11 A 
 0.35 3.26 A 
0.45 3.44 A 
SSD 
0.55 2.35 B 
 0.35 1.58 B 
0.45 2.55 A 
wet 
0.55 2.19 A 
 
For the w/c ratio of 0.35, the mean C/S ratio increased with an increase in water content at 
the interface, the order of AD, SSD, and wet. For the moisture condition of AD, the mean C/S 
ratio increased with an increase of w/c ratio, the order of 0.35, 0.45, and 0.55. For the moisture 
condition at the interface, the wet condition resulted in higher C/S ratio. 
The test results presented in Figure 4.12 were analyzed to determine whether the mean C/S 
ratio of the groups were statistically different from one another. The groups were ranked 
according to their mean C/S ratio as shown in Table IV.5. The analysis result shows that w/c 
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ratios and moisture conditions are not statistically significant, except w/c = 0.45 with wet 
condition. The analysis result shows that w/c ratios and moisture conditions are all statistically 
significant. 
4.4.3 Overlay Mixture (80TI-20F) 
Figure 4.13 shows the C/S ratio results for 80TI-20F (80 percent type I cement and 20 percent 
class F fly ash) at the w/c ratio of 0.35, 0.45, and 0.55 and moisture condition of AD, SSD, and 
wet, respectively. 
 
Figure 4.13 Mean C/S Ratio of 80TI-20F 
At the w/c ratio of 0.45, the C/S ratio increased with an increase in water content. Same 
with the w/c ratio of 0.45, C/S ratio in the w/c ratio of 0.55 also increased with an increase in 
water content. The highest C/S ratio of 0.45 was obtained at wet moisture condition. 
The test results presented in Figure 4.13 were analyzed to determine whether the mean C/S 
























according to their mean C/S ratio as shown in Table IV.5. The analysis result shows that w/c 
ratios and moisture conditions are statistically significant, except AD condition. 
4.4.4 Overlay Mixture (50TI-50G100S) 
Figure 4.14 shows the C/S ratio results for 50TI-50G100S (50 percent type I cement and 50 
percent Grade 100 slag) at the w/c ratio of0.35, 0.45, and 0.55 and moisture condition of AD, 
SSD, and wet, respectively. 
 
Figure 4.14 Mean C/S Ratio of 50TI-50G100S 
At the w/c ratio of 0.35 and 0.55, the C/S ratio increased with the increase of water content. 
For the moisture condition at the interface, the wet condition resulted in the high C/S ratio. 
The test results presented in Figure 4.14 were analyzed to determine whether the mean C/S 
ratio of the groups were statistically different from one another. The groups were ranked 
according to their mean C/S ratio as shown in Table IV.5. The analysis result shows that w/c 
























4.4.5 Overlay Mixture (50TI-50G120S) 
Figure 4.15 shows the C/S ratio results for 50TI-50G120S (50 percent type I cement and 50 
percent Grade 120 slag) at the w/c ratio of0.35, 0.45, and 0.55 and moisture condition of AD, 
SSD, and wet, respectively. 
At the w/c ratio of 0.35, the C/S ratio decreased with the increase of water content, but, at 
the w/c ratio of 0.45, the C/S ratio increased with the increase of water contention. At the w/c 
ratio of 0.55, all moisture conditions are similar. At the moisture condition of SSD and wet, the 
highest C/S ratio was obtained at 0.45. 
 
Figure 4.15 Mean C/S Ratio of 50TI-50G120S 
The test results presented in Figure 4.15 were analyzed to determine whether the mean C/S 
ratio of the groups were statistically different from one another. The groups were ranked 
according to their mean C/S ratio as shown in Table IV.5. The analysis result shows that w/c 




















4.4.6 Overlay Mixture (30TI-30G120S-40C) 
Figure 4.16 shows the interface C/S ratio for 30TI-30G120S-40C (30 percent type I cement, 30 
percent Grade 120 slag and 40 percent Class C fly ash) at the w/c ratio of 0.35, 0.45, and 0.55 
and moisture condition of AD, SSD, and wet, respectively. 
 
Figure 4.16 Mean C/S Ratio of 30TI-30G120S-40C 
At the w/c ratio of 0.35 0.45 and 0.55, the highest C/S was obtained at SSD, however, 
group AD and wet had a similar C/S ratio. With the addition of both slag and fly ash, the C/S 
ratio of all specimens came to be consensus. 
The test results presented in Figure 4.16 were analyzed to determine whether the mean C/S 
ratio of the groups were statistically different from one another. The groups were ranked 
according to their C/S ratio as shown in Table IV.5. The analysis result shows that w/c ratios and 






























4.4.7 Overlay Mixture (100TI-5SF) 
Figure 4.17 shows the interface C/S ratio results for 100TI-5SF (100 percent type I cement and 5 
percent silica fume) at the w/c ratio of 0.35, 0.45, and 0.55 and moisture condition of AD, SSD, 
and wet, respectively. 
 
 
Figure 4.17 Mean C/S Ratio of 100TI-5SF 
At the w/c ratio of 0.45, the C/S ratio decreased with an increase in water content. The 
moisture condition of AD with a w/c of 0.35 results the lowest C/S ratio. 
The test results presented in Figure 4.17 were analyzed to determine whether the mean C/S 
ratio of the groups were statistically different from one another. The groups were ranked 
according to their mean C/S ratio as shown in Table IV.5. The analysis result shows that w/c 































For statistical analysis, the analysis on parameter C/S ratio is more likely to be statistical 
significant grouped with a low P value, compared to the other analysis parameter shear bond 
strength. It means that the result was more reliable on C/S ratio compared to shear bond strength. 
With the addition of both slag and fly ash, the C/S ratio of all specimens came to be consensus. 
Most of the case, at the w/c ratio of 0.35 and 0.55, it is seen that the C/S ratio increased 
with the increase of water content, with the order AD, SSD, and wet. Most of the case, for the 
moisture condition at the interface, the wet condition resulted in the high C/S ratio. 
4.4.9 Effect of SCM 
With the addition of grade 100 Slag, C/S ratio of w/c = 0.35, 0.45, and 0.55 decreased with all 
the moisture conditions. 
With the addition of grade 100 and grade 120 slag, only w/c of 0.55decreased C/S ratio, 
moisture environment can provide enough water thus fully hydrated. 
With the addition of class C and class F fly ash, there is no obvious change of the C/S ratio, 
but the shear bond strength was lower compared to control group, that may due to the strength of 
concrete with fly ash have slow hydration up to 28 days. 
4.5 Relation between Shear Bond Strength and C/S Ratio 
Due to the difficulty and complexity of shear bond strength tests, an alternative method was 
seeked by estimating C/S ratio at the interface. As seen in earlier sections, there was not a strong 
relationship between the C/S ratio and shear bond strength. One possible reason might be the 
delay of the EDAX measurement after shear bond test. By exposing debonded interface in air, 
the surfaces, especially SCMs overlay, would be changed differently. 
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Through the two unit SAS analysis, it was confirmed that shear bond strength and C/S 
ratio at the interface are not relevant. So the other groups did not showing obvious trends of the 
relation between shear bond strength and C/S.  
4.6 Analysis of ITZ 
One typical specimen (specimen No.37) was used to identify ITZ of a coarse aggregate at the 
middle of the specimen. The total length of the measurement was 10,000µm, among which 
coarse aggregate takes about 5,000µm as shown in Figure 4.18. 
 




















After three measurements, ITZ was confined to a distance between the lower and C/S ratio 
upper limit of C/S ratio. The upper limit of ITZ was found to be 1.7 after Johnson [35]. The 
lower limit of ITZ was determined by measuring C/S ratio at many points of cement paste. The 
average of C/S ratio at the cement paste was 0.6. From Figure 4.18, the length of ITZ was found 
to be 300µm. This measured ITZ is much longer than literature value of 20-40µm [2], and further 
research is needed in ITZ. 
4.7 Analysis of Interfacial Zone (IZ) 
As an effect to identify interfacial zone, C/S ratio at cement paste was measured from the 
interface to the depth direction in overlay concrete. Here are examples of graphs show the trend 
of the C/S changes within 200µm. Figure 4.19 and Figure 4.20 show two examples of the effort. 
The C/S ratio at the interface is expected high due to wall effect, and decrease with advance to 
the depth direction. Some of the specimens (50TI-50G100S, 0.55 wet and 0.45 wet) shows the 
trend, but others don’t change or increase. 
 

























Figure 4.20 C/S Ratio Trend in Interfacial Zone for 50TI-50G120S 
From the observation, it was difficult to find out meaningful trends of C/S ratio change at 
IZ for various conditions. This non-consistent result may be contributed to the coarse aggregate 
under the surface. The aggregate in shallow depth can increase the C/S ratio. This area should be 





































CHAPTER 5 CONCLUSIONSAND FUTURE STUDY 
5.1 Conclusions 
The interface shear bond strength was measured for various w/c ratios of new concrete, moisture 
conditions of old concrete surface, and SCM on the interface bonding, The C/S ratio at the 
interface was further analyzed to determine these effects. 
Based on the results presents herein, the following conclusions can be made: 
• The shear bond strength measured using cube specimen (6’’) resulted in lower compared to 
cylindrical specimen (4’’diameter). The cube specimen had cast surface while cylindrical 
specimen had cut surface as the interface. The specimen size, shape, and interface surface 
might cause the discrepancy between two tests. 
• The measured shear bond strength value in this experiment is higher than literature stated. 
Some of the debonding failure in shear bond tests occurred in new or old concrete surface in 
both cube and cylindrical specimens.  
• The shear bond strength increases with the increase of compressive strength of overlay 
concrete (and also w/c ratio up to 0.35 with water reducer) for various moisture conditions at 
the interface and SCMs in overlay concrete. Due to drying shrinkage and autogenous 
shrinkage, however, the increase of shear bond strength in low w/c ratio (and also high 
strength (performance) concrete) might not beneficial in large dimension structures including 
pavements. 
• Among three moisture conditions in cut surface, air dry surface condition developed higher 
shear bond strength at the interface. Wet surface condition results in the lowest shear bond 
strength at the interface. The SSD moisture condition resulted in high shear bond strength 
with low standard deviation consistently. 
• Even though various combinations of SCM are useful to improve durability and reduce 
material cost in PCC, the addition of SCM in concrete mixture slightly decrease shear bond 
strength at 28 days. Due to slow development of compressive strength in some SCMs, 




• Since the C/S ratio is an indirect measure of C-S-H and CH, the interface with high C-S-H 
contents results in high strength. Only for low w/c ratio and air dry condition, the decrease of 
C/S ratio at the interface matches with the increase of shear bond strength between two 
concretes. There is no good relationship in other w/c ratio or moisture condition. 
• Due to the difficulty and complexity of shear bond strength tests, an alternative method was 
seeked by estimating C/S ratio at the interface and comparing with shear bond strength. 
However, the measured shear bond strength and C/S ratio at the interface has not have a 
strong relationship. 
• ITZ was estimated by calculating C/S ratio around coarse aggregate. The estimated ITZ was 
300µm and the value was high than literature value. 
• An effort was made to identify interfacial zone between new and old concrete from the 
measured C/S ratio. The C/S ratio change through the depth from the interface did not show a 
dorminant trend. It is considered that the delay of EDAX measurement at the debonded 
interface would distract the surface exposed in the air. 
5.2 Recommendations 
In order to better understand the relationship between shear bond strength and C/S ratio, it is 
recommended to operate the shear bond test and measure C/S ratio at the same day. The interface 
condition may change when it is exposed in air. This may affect the measurement of C/S ratio.  
The non-consistent results of C/S ratio may be contributed to the coarse aggregate under the 
surface. The aggregate in shallow depth can increase the C/S ratio. In order to better understand 
about the interfacial zone, this area should be further studied using other measurement 
techniques including X-ray diffraction (XRD). XRD can do qualitative and quantitative 
analysis,and can be used to measure the element and compounds contents, such as C-S-H and 
CH. It is recommended to study the effects of different surfaces (cut and cast surface) with larger 
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specimen (6 x 12’’). The study will verify some of conclusions on the effects of specimen size 
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187 12,886 12.63 1,020.3  
188 14,210 12.65 1,123.5  AD 
189 10,781 12.68 850.3 
998.0 137.95 
 
190 12,641 12.56 1,006.4 Excluded 
191 11,533 12.65 911.8  SSD 
192 11,300 12.63 894.7 
903.3 12.09 
 
193 7,941 12.64 628.2  
194 8,207 12.55 654.1  
1/100TI 0.45 
wet 
195 9,687 12.67 764.7 
682.3 72.50 
 
7 3,154 12.55 251.4 Excluded 
AD 
8 8,171 12.65 645.7 
n/a n/a 
Excluded 
9 11,147 12.49 892.8 Excluded 
SSD 
10 11,188 12.55 892.0 
n/a n/a 
Excluded 



















13 9,834 12.52 785.7  
AD 
14 10,689 12.54 852.7 
785.7 n/a 
Excluded 
15 8,908 12.57 708.5  
SSD 
16 13,086 12.59 1039.8 
708.5 n/a 
Excluded 





18 10,954 12.58 870.5 
n/a n/a 
Excluded 
19 10,861 12.58 863.4 Excluded 
AD 
20 10,335 12.58 821.6 
n/a n/a 
Excluded 
21 11,646 12.60 924.0 Excluded 
SSD 
22 9,776 12.59 776.4 
n/a n/a 
Excluded 
23 7,668 12.62 607.8 Excluded 
4/50TI-50G100S 0.45 
wet 















178 11,552 12.61 916.1  
AD 
179 3,954 12.61 313.6 
916.1 n/a 
Excluded. less vibration 
181 4,862 12.49 389.2 Excluded. less vibration 
SSD 
182 8,464 12.53 675.6 
675.6 n/a 
 
184 3,409 12.50 272.6 Excluded. less vibration 
5/50TI-50G120S 0.45 
wet 
185 n/a 12.57 n/a 
n/a n/a 
Failed when demold 
43 13,237 12.60 1050.2  
44 10,875 12.60 862.8 Excluded. Failed at old AD 
45 13,710 12.62 1086.6 
1,068.4 25.74 
 
46 10,963 12.63 868.1 Excluded. Failed at old 
47 11,317 12.60 898.3 Excluded. Failed at old SSD 
48 10,369 12.60 822.7 
822.7 n/a 
 
49 11,169 12.61 885.7  





51 11,130 12.65 879.6 
861.2 34.65 













52 10,937 12.64 865.5  
53 11,916 12.62 944.0  AD 
54 11,450 12.65 905.3 
915.1 43.29 
 
55 10,104 12.60 802.0  
56 11,352 12.63 898.9 Excluded. Failed at old SSD 
57 13,007 12.63 1029.9 
802.0 n/a 
Excluded. Failed at old 
58 9,910 12.63 784.7  






60 8,366 12.62 663.1 
723.9 85.98 
 
34 9,352 12.64 739.8 Excluded. Failed at new 
35 12,193 12.53 973.2  AD 
36 13,537 12.60 1074.0 
1023.6 71.28 
 
37 4,351 12.65 344.0 Excluded. less vibration 
38 12,855 12.61 1019.4  SSD 
39 7,382 12.71 581.0 
1019.4 n/a 
Excluded. Failed at old 
40 4,716 12.54 376.2 Excluded. less vibration 


















61 15,164 12.60 1,203.7 Excluded.Failed at old+new 
62 9,844 12.64 778.7  AD 
63 15,923 12.55 1,269.0 
778.7 n/a 
Excluded. Failed at old 
64 10,385 12.60 823.9  
65 9,551 12.52 763.1  SSD 
66 10,053 12.59 798.4 
795.1 30.53 
 
67 8,278 12.33 671.4  
68 8,688 12.28 707.5  
9/80TI-20C 0.35 
wet 
69 11,819 12.58 939.6 
772.8 145.55 
 
70 13,246 12.63 1,049.2 Excluded. Failed at old 
71 9,434 12.57 762.7 Excluded. Failed at new AD 
72 10,936 12.60 868.3 
868.3 n/a 
 
73 12,257 12.65 968.9  
74 10,427 12.63 825.9  SSD 
75 11,114 12.56 885.1 
893.3 71.85 
 
76 8,027 12.58 638.0 Excluded. Failed at new 



















79 12,345 12.62 978.0  
80 13,070 12.99 1005.8  AD 
81 12,223 13.48 906.9 
963.6 51.01 
 
82 15,303 12.57 1,217.4  
83 14,553 12.58 1,156.5  SSD 
84 15,624 12.64 1,236.0 
1203.3 41.58 
 
85 14,053 12.59 1,116.0 Excluded. Failed at old 





87 15,292 12.59 1,214.8 
911.1 n/a 
Excluded. Failed at old 
88 16,140 12.59 1,281.7  
89 11,705 12.62 927.9  AD 
90 13,855 12.63 1,096.8 
1,102.1 176.96 
 
91 12,828 12.63 1,016.0  
92 9,002 12.65 711.6  SSD 
93 6,211 12.58 493.6 
999.6 101.33 
Excluded. less vibration 
94 12,093 12.62 958.6  



















97 11,242 12.62 891.0  
98 10,018 12.66 791.3  AD 
99 8,748 12.62 693.0 
791.8 99.00 
 
100 9,332 12.67 736.7  
101 11,786 12.60 935.1  SSD 
102 13,024 12.50 1,033.8 
901.9 151.31 
 
103 12,308 12.58 978.5  






105 9,455 12.60 750.2 
843.1 119.95 
 
106 n/a n/a n/a Failed when demold 
107 13,533 12.64 1,071.0  AD 
108 n/a n/a n/a 
1071.0 n/a 
Failed when demold 
109 8,952 12.55 713.4  
110 n/a n/a n/a Failed when demold SSD 
111 n/a n/a n/a 
713.4 n/a 
Failed when demold 
112 5,839 12.57 464.7  




















115 13,178 12.59 1,046.7  
116 10,639 12.64 841.7  AD 
117 12,840 12.54 1,023.9 
970.8 112.35 
 
118 10,377 12.57 825.5  
119 12,798 12.62 1,014.1  SSD 
120 13,098 12.63 1,037.1 
958.9 116.10 
 
121 10,749 12.58 854.5  
122 12,140 12.61 962.7  
15/100TI 0.55 
wet 
123 9,749 12.57 775.6 
864.3 93.93 
 
124 10,175 12.59 808.2  
125 11,553 12.56 919.8  AD 
126 10,359 12.65 818.9 
849.0 61.58 
 
127 8,790 12.67 693.8  
128 11,558 12.59 918.0  SSD 
129 10,832 12.60 859.7 
823.8 116.32 
 
130 11,364 12.60 901.9  


















133 7,560 12.60 600.0  
134 8,948 12.57 711.9  AD 
135 7,597 12.63 601.5 
637.8 64.18 
 
136 9,771 12.68 770.6  
137 9,839 12.59 781.5  SSD 
138 12,201 12.59 969.1 
840.4 111.59 
 
139 10,640 12.61 843.8 Excluded. Failed at old 





141 10,074 12.60 799.5 
776.0 33.30 
 
142 9,167 12.59 728.1  
143 10,167 12.62 805.6 Excluded. Failed at old 
AD 
144 12,063 12.62 955.9 
842.0 161.08 
 
145 11,278 12.60 895.1  
146 9,860 12.59 783.2  
SSD 
147 10,363 12.62 821.2 
839.2 79.13 
Excluded. Failed at new 
148 8,294 12.58 659.3  


















151 8,762 12.59 696.0  
152 10,177 12.62 806.4  AD 
153 11,307 12.71 889.6 
751.2 78.06 
Excluded. Failed at new 
154 11,221 12.74 880.8 Excluded. Failed at old 
155 10,330 12.91 800.2  SSD 
156 13,433 12.65 1,061.9 
800.2 n/a 
Excluded. Failed at old  
157 12,460 13.00 958.5  





159 11,816 12.60 937.8 
954.8 15.44 
 
160 10,912 12.64 863.2  
161 10,223 13.04 784.2  AD 
162 12,017 12.62 952.5 
866.6 84.20 
 
163 9,096 12.59 722.4  
164 13,082 12.57 1,041.0  SSD 
165 13,202 12.57 1,050.1 
937.8 186.63 
 
166 8,688 12.67 684.8  



















169 12,179 12.65 962.8  
170 10,336 12.56 822.9 Excluded. Failed at old 
AD 
171 10,093 12.58 802.3 
962.8 n/a 
Excluded. Failed at old 
172 6,658 12.55 530.5  
173 11,771 12.65 930.5  
SSD 
174 8,859 12.57 704.8 
721.9 200.55 
 
175 8,248 12.58 655.6  

















APPENDIX II: INTERFACE C/S RATIO TABLE 
 
Table II.1 Interface C/S Ratio of Each Specimen (w/c = 0.45) 
Mix ID moisture C (%) O (%) Si (%) Ca (%) C/S Standard deviation 
AD 11.84 39.31 16.59 29.19 1.23 0.01 
SSD 13.72 38.74 7.07 34.76 3.44 0.07 1/100TI 
wet 20.12 33.02 36.53 10.05 2.55 0.23 
AD 13.01 38.86 10.15 29.67 2.05 0.55 
SSD 13.97 38.80 9.72 32.33 2.48 0.22 2/80TI-20C 
wet 12.54 38.33 11.96 29.73 1.74 0.46 
AD 16.02 38.19 11.49 28.25 1.72 0.56 
SSD 16.37 37.69 7.13 36.16 3.55 0.27 3/80TI-20F 
wet 18.03 38.64 5.64 34.45 4.28 0.23 
AD 15.72 39.15 12.25 28.34 1.62 0.25 
SSD 15.27 40.80 5.18 34.42 2.53 0.35 4/50TI-50G100S 
wet 13.86 39.21 10.47 28.04 1.95 0.35 
AD 15.31 40.43 8.91 29.21 2.57 0.18 
SSD 17.82 41.51 6.77 30.21 3.46 0.54 5/50TI-50G120S 
wet 15.76 40.53 7.40 32.24 3.54 0.69 
AD 13.94 38.11 15.27 26.53 1.32 0.43 
SSD 12.51 37.97 11.12 31.98 2.05 0.40 6/30TI-30G120S40C 
wet 13.85 41.50 14.04 23.55 1.20 0.23 
AD 13.72 38.12 10.53 34.32 2.35 0.49 
SSD 12.16 36.87 13.20 33.45 1.85 0.46 7/100TI-SF 





Table II.2 Interface C/S Ratio of Each Specimen (w/c = 0.35) 
Mix ID moisture C (%) O (%) Si (%) Ca (%) C/S Standard deviation 
AD 13.98 40.79 9.55 31.17 2.51 0.55 
SSD 14.45 38.22 9.43 34.36 3.36 0.83 8/100TI 
wet 16.95 37.51 5.43 37.90 1.58 0.95 
AD 14.36 40.73 14.04 25.80 1.40 0.32 
SSD 11.97 38.44 12.00 33.49 2.15 0.34 9/80TI-20 
wet 15.58 38.18 9.00 29.85 2.48 0. 83 
AD 15.39 37.76 11.55 30.42 1.98 0.72 
SSD 15.00 38.50 10.39 32.39  2.72 0.59 10/80TI-20F 
wet 14.36 40.33 12.75 29.69 2.31 0.28 
AD 14.10 40.00 12.82 28.52 1.83 0.48 
SSD 14.87 38.40 10.65 32.87  2.33 0.45 11/50TI-50G100S 
wet 13.73 37.62 10.54 34.79 2.42 0.45 
AD 15.72 38.60 9.12 31.83 2.66 0.91 
SSD 16.59 39.61 10.13 29.85 2.38 0.37 12/50TI-50G120S 
wet 14.16 39.30 11.33 32.00 2.20 0.95 
AD 14.18 40.08 13.57 24.86 1.38 0.34 
SSD 14.36 39.14 11.37 29.25 1.87 0.39 13/30TI-30G120S40C 
wet 13.49 38.98 12.65 27.99 1.59 0.34 
AD 12.94 39.38 11.27 29.86 2.14 0.43 
SSD 14.96 39.01 9.07 34.18 3.50 0.83 14/100TI-5SF 







Table II.3 Interface C/S Ratio of Each Specimen (w/c = 0.55) 
Mix ID moisture C (%) O (%) Si (%) Ca (%) C/S Standard deviation 
AD 13.65 40.28 10.93 31.11 2.19 0.84 
SSD 13.91 37.74 10.71 34.51 2.35 0.45 15/100TI 
wet 14.37 37.64 8.66 36.70 3.11 0.78 
AD 14.78 38.86 9.56 32.75 2.54 0.68 
SSD 15.46 42.95 14.70 21.24 1.07 0.38 16/80TI-20C 
wet 13.95 36.74 10.48 35.31 2.83 1.45 
AD 20.79 35.51 11.45 26.03 1.71 0.59 
SSD 13.14 37.72 12.83 30.18 1.70 0.39 17/80TI-20F 
wet 13.34 40.22 12.35 31.41 2.20 0.90 
AD 15.11 38.50 12.70 30.09 1.68 0.22 
SSD 13.73 37.73 11.24 33.26 2.11 0.39 18/50TI-50G100S 
wet 15.22 37.01 9.71 35.19 2.73 0.72 
AD 12.60 37.60 13.91 31.26 1.66 0.43 
SSD 12.90 37.72 14.21 30.97 1.55 0.23 19/50TI-50G120S 
wet 13.90 38.88 12.57 29.94 1.72 0.37 
AD 13.04 39.23 14.53 25.68 1.28 0.31 
SSD 13.97 38.23 10.41 30.23 2.13 0.57 20/30TI-30G120S40C 
wet 13.05 39.19 13.12 28.04 1.51 0.19 
AD 16.13 39.74 7.48 33.87 3.32 0.81 
SSD 14.94 38.59 11.64 29.76 2.14 1.36 21/100TI-5SF 







APPENDIX III: DETAIL PROCEDURE OF OPERATING SEM AND EDAX 
1. Check whether the EDAX light is green, if it is red, which means liquid Nitrogen is used up. 
It may save some time when it was found earlier as the cooling down of liquid Nitrogen took 
one hour and a half. 
2. When adding liquid Nitrogen, be careful of the safety. The temperature of liquid Nitrogen is -
20 degree. 
3. If the EDAX light is green, then turn off SEM power button to let air in. Make sure to turn 
marks on SEM from above 10 to 4.7, else you can not measure anything. 
4. After 3 to 5 minutes, you can put your sample on the SEM table using a plate, the plate size 
ranges from 1/8 inch to 0.6 inch. The sample size should be limited to 1x1x1 inch. The larger 
the sample size, the longer the SEM would vacuum. 
5. Closed the door and wait 10-15minutes for SEM’s vacuuming. 
6. Set a new working distance and move it to that height to make the light beam intensity to be 
the strongest. Turn on Voltage. 
7. Open the screen to find where is your specimen. Make sure to turn it off when you are 
measuring EDAX. 
8. Adjust the brightness and magnification to focus the specimen. 
9. Switch to EDAX screen and using EDAX software, click “collect”, the collecting time can be 
chosen from 10 seconds to 500 seconds, the more seconds, the accurate. 
10. Mark elements on different peaks. Save it the word file. 




APPENDIX IV: STATISTICAL ANALYSIS TABLES 
Table IV.1 Statistical Analysis of Mean Shear Bond Strength  














AD A A A B A A/B A 
SSD A B A A A A B 0.35 
wet B B A A A B C 
 AD A B A N/A A A A 
SSD A A A N/A A B A 0.45 
wet B B A N/A B B A 
 AD A B B A/B A B A 
SSD A A/B A A A A A 0.55 


















0.35 A N/A A N/A A B A 
0.45 A N/A A N/A B A B AD 
0.55 A N/A B N/A C B B 
 0.35 A N/A A N/A A B A 
0.45 A N/A A N/A A A B SSD 
0.55 A N/A A N/A B B A 
 0.35 A A N/A N/A N/A A B 
0.45 B B N/A N/A N/A A A wet 








Table IV.2 Statistical Analysis of Mean Shear Bond Strength for 0.35 
SCM Moisture Mean Shear Bond Strength Ranking 
AD 1,023.6 





































Table IV.3 Statistical Analysis of Mean Shear Bond Strength for 0.45 
SCM Moisture Mean Shear Bond Strength Ranking 
AD 998.0 





































Table IV.4 Statistical Analysis of Mean Shear Bond Strength for 0.55 









































Table IV.5 Statistical Analysis of Mean C/S Ratio 














AD B B B B A B C 
SSD A A A A B A B 0.35 
wet C A B A AB B A 
 AD C B C AB B B A 
SSD A A B A A A B 0.45 
wet B C A B A B C 
 AD A A B B A C A 
SSD AB B B AB A A C 0.55 


















0.35 B C A A A A B 
0.45 C B A A A A B AD 
0.55 A A A A B A A 
 0.35 A AB B A B A A 
0.45 A A A A A A B SSD 
0.55 B B C A C A B 
 0.35 B B B AB AB A A 
0.45 A C A B A B C wet 









APPENDIX V: PLOT OF MEAN SHEAR BOND STRENGTH FOR SCM 
 
Figure V.1 Plot of Mean Shear Bond Strength Against SCM for w/c of 0.35 
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